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has a solid-state S1 nuclear magnetic resonance spec-
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the component (A) being a curable polysilsesquioxane
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molecule, and a silane coupling agent that comprises an
acid anhydride structure 1n 1ts molecule, and

a method for producing the curable composition, and

a cured product, and

a method for using the curable composition, and

an optical device.
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CURABLE COMPOSITION, METHOD FOR
MANUFACTURING CURABLLE

COMPOSITION, CURED PRODUCT,
METHOD FOR USING CURABLE
COMPOSITION, AND OPTICAL DEVICE

TECHNICAL FIELD

The present mvention relates to a curable composition
that produces a cured product that exhibits excellent heat
resistance and high adhesion, a method for producing the
same, a cured product obtained by curing the curable com-
position, a method for using the curable composition as an
optical element-securing adhesive or an optical element
sealing material, and an optical device.

BACKGROUND ART

A curable composition has been improved in various ways
taking account of the application, and widely used as a raw
material for producing optical parts and formed articles, an
adhesive, a coating material, and the like.

A curable composition has attracted attention as an optical
clement-securing composition (e.g., optical element adhe-
sive and optical element sealing material) that 1s used when
producing a sealed optical element.

Examples of the optical element include a light-emitting
clement (e.g., laser (e.g., semiconductor laser diode (LD))
and light-emitting diode (LED)), a light-receiving element,
a hybrid optical element, an optical integrated circuit, and
the like.

In recent years, an optical element that emits blue light or
white light (1.e., an optical element that has a shorter
emission peak wavelength) has been developed, and widely
used. There 1s a tendency that a light-emitting element
having a short emission peak wavelength 1s significantly
increased 1n brightness, and the amount of heat generated by
such an optical element further increases.

Along with a recent increase 1n brightness of an optical
clement, a cured product of an optical element-securing
composition may deteriorate due to long-term exposure to
high-energy light or high-temperature heat generated by
such an optical element, whereby delamination or a decrease
in adhesion may occur.

In order to solve the above problem, Patent Literature 1 to
3 propose an optical element-securing composition that
includes a polysilsesquioxane compound as the main com-
ponent.

However, the compositions and the cured products (e.g.,
members) disclosed in Patent Literature 1 to 3 may not
exhibit sutlicient heat resistance while maintaining sutlicient
adhesion.

Therefore, development of a curable composition that
produces a cured product that exhibits excellent heat resis-
tance and high adhesion has been desired.

Patent Literature 4 discloses a semiconductor light-emit-
ting device member that 1s specified by (1) the chemical shift
and the half-width of the peak observed 1n the solid-state Si
nuclear magnetic resonance spectrum, (11) the silicon con-
tent, and (111) the silanol content.

CITATION LIST

Patent Literature

Patent Literature 1: JP-A-2004-359933
Patent Literature 2: JP-A-2005-263869
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Patent Literature 3: JP-A-2006-328231
Patent Literature 4: JP-A-2007-112975 (US2009008673A1)

SUMMARY OF INVENTION

Technical Problem

The invention was conceived 1n view of the above situ-
ation. An object of the mvention i1s to provide a curable
composition that produces a cured product that exhibits
excellent heat resistance and high adhesion, a method for
producing the same, a cured product obtained by curing the
curable composition, a method for using the curable com-
position as an optical element-securing adhesive or an
optical element sealing material, and an optical device.

Solution to Problem

The mventors conducted extensive studies in order to
solve the above problem. As a result, the mventors found
that a curable composition that includes a specific polysils-
esquioxane compound and a specific silane coupling agent,
and produces a cured product that has a solid-state S1 nuclear
magnetic resonance spectrum in which a peak 1s observed
within a specific range, and the half-width of the peak falls
within a specific range, can produce a cured product that
exhibits excellent heat resistance and high adhesion. This
finding has led to the completion of the invention.

Several aspects of the invention provide the following
curable composition (see (1) to (6)), method for producing
a curable composition (see (7) to (9)), cured product (see
(10) and (11)), method for using a curable composition (see
(12) and (13)), and optical device (see (14)).

(1) A curable composition including a component (A) and a
component (B),

the curable composition producing a cured product that
has a solid-state S1 nuclear magnetic resonance spectrum in
which a peak 1s observed within a range from -80 ppm or
more to less than —40 ppm, and the half-width of the peak
1s 500 to 900 Hz,

the component (A) being a curable polysilsesquioxane
compound that includes a repeating unit represented by a
formula (a-1),

R!SiO; (a-1)

wherein R' is a substituted or unsubstituted alkyl group
having 1 to 10 carbon atoms, or a substituted or unsubsti-
tuted aryl group, and

the component (B) being at least one silane coupling
agent selected from the group consisting of a silane coupling
agent that includes a nitrogen atom in 1ts molecule, and a
silane coupling agent that includes an acid anhydride struc-
ture 1n 1ts molecule.
(2) The curable composition according to (1), wherein R' is
a substituted or unsubstituted alkyl group having 1 to 10
carbon atoms.
(3) The curable composition according to (1) or (2), wherein
the curable polysilsesquioxane compound that 1s used as the
component (A) has a mass average molecular weight (Mw)
of 1,000 to 30,000.
(4) The curable composition according to any one of (1) to
(3), wherein the curable polysilsesquioxane compound that
1s used as the component (A) 1s a curable polysilsesquioxane
compound obtained by subjecting at least one compound
represented by a formula (a-2) to polycondensation in the
presence ol a polycondensation catalyst,

RISi(OR?) (X1, (a-2)
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wherein R' is the same as defined above, R” is an alkyl group
having 1 to 10 carbon atoms, X' is a halogen atom, and X is
an integer from O to 3, provided that a plurality of R* are
either identical to or different from each other when a
plurality of R* are present, and a plurality of X' are either
identical to or different from each other when a plurality of
X' are present.

(5) The curable composition according to any one of (1) to
(4), wherein the component (B) includes both the silane
coupling agent that includes a nitrogen atom 1n its molecule,
and the silane coupling agent that includes an acid anhydride
structure 1n 1ts molecule.

(6) The curable composition according to any one of (1) to
(5), the curable composition including the component (A)

and the component (B) in a mass ratio (component (A):
component (B)) of 100:0.01 to 100:50.

(7) A method for producing the curable composition accord-
ing to (1), imcluding:

a step (1) that subjects at least one compound represented
by a formula (a-2) to polycondensation in the presence of a
polycondensation catalyst to obtain the curable polysilses-
quioxane compound,

RISi(OR%) (XY, (a-2)

wherein R' is the same as defined above, R* is an alkyl group
having 1 to 10 carbon atoms, X" is a halogen atom, and X is
an integer from 0 to 3, provided that a plurality of R* are
either 1dentical to or different from each other when a
plurality of R* are present, and a plurality of X' are either
identical to or different from each other when a plurality of
X' are present; and

a step (II) that mixes the curable polysilsesquioxane
compound obtained by the step (I) with at least one silane
coupling agent selected from the group consisting of the
silane coupling agent that includes a nitrogen atom 1n 1its
molecule, and the silane coupling agent that includes an acid
anhydrnide structure in 1ts molecule.
(8) The method according to (7), wherein at least an acid
catalyst 1s used as the polycondensation catalyst.
(9) The method according to (8), wherein the acid catalyst 1s
at least one compound selected from phosphoric acid,
hydrochloric acid, boric acid, citric acid, acetic acid, sulfuric
acild, and methanesulfonic acid.
(10) A cured product obtained by curing the curable com-
position according to any one of (1) to (6).
(11) The cured product according to (10), the cured product
being an optical element-securing materal.
(12) A method for using the curable composition according
to any one of (1) to (6) as an optical element-securing
adhesive.
(13) A method for using the curable composition according
to any one of (1) to (6) as an optical element sealing
material.
(14) An optical device produced using the curable compo-
sition according to any one of (1) to (6) as an optical
clement-securing adhesive or an optical element sealing
material.

Advantageous Effects of Invention

The curable composition according to one aspect of the
invention can produce a cured product that exhibits excellent
heat resistance and high adhesion.

The curable composition according to one aspect of the
invention can suitably be used as an optical element-secur-
ing adhesive and an optical element sealing material.
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The cured product according to one aspect of the mven-
tion exhibits excellent heat resistance and high adhesion.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1llustrates the solid-state Si-NMR spectrum of the
cured product obtained in Example 1.

FIG. 2 illustrates the solid-state Si-NMR spectrum of the
cured product obtained 1in Example 2.

FIG. 3 illustrates the solid-state Si-NMR spectrum of the
cured product obtained in Example 3.

FIG. 4 1llustrates the solid-state Si-NMR spectrum of the
cured product obtained in Example 4.

FIG. 5 1llustrates the solid-state Si-NMR spectrum of the
cured product obtained 1n Comparative Example 1.

FIG. 6 1llustrates the solid-state Si-NMR spectrum of the
cured product obtained 1in Example 3.

FIG. 7 1llustrates the solid-state S1-NMR spectrum of the
cured product obtained 1n Example 6.

FIG. 8 1llustrates the solid-state Si-NMR spectrum of the
cured product obtained 1n Comparative Example 2.

FIG. 9 illustrates the solid-state Si-NMR spectrum of the
cured product obtained in Comparative Example 3.

DESCRIPTION OF EMBODIMENTS

A curable composition, a method for producing the same,
a cured product, a method for using a curable composition,
and an optical device according to the exemplary embodi-
ments of the invention are described 1n detail below.

1) Curable Composition

A curable composition according to one embodiment of
the invention 1ncludes the component (A) and the compo-
nent (B), the curable composition producing a cured product
that has a solid-state S1 nuclear magnetic resonance spec-
trum 1n which a peak 1s observed within a range from —80
ppm or more to less than —40 ppm, and the half-width of the
peak 1s 500 to 900 Hz.
Component (A)

The component (A) included 1n the curable composition
according to one embodiment of the invention 1s a curable
polysilsesquioxane compound that includes a repeating unit
represented by the formula (a-1) (hereinafter may be
referred to as “silane compound polymer (A)”).

R' in the formula (a-1) is a substituted or unsubstituted
alkyl group having 1 to carbon atoms, or a substituted or
unsubstituted aryl group.

Examples of the alkyl group having 1 to 10 carbon atoms
that may be represented by R' include a methyl group, an
cthyl group, an n-propyl group, an isopropyl group, an
n-butyl group, an 1sobutyl group, an s-butyl group, a t-butyl
group, an n-pentyl group, an n-hexyl group, an n-octyl
group, an n-nonyl group, and the like. Among these, an alkyl
group having 1 to 6 carbon atoms 1s preferable, and an alkyl
group having 1 to 3 carbon atoms 1s more preferable.

Examples of the substituent when R' is a substituted alkyl
group having 1 to 10 carbon atoms include a halogen atom
(c.g., fluorine atom, chlorine atom, bromine atom, and
iodine atom); a cyano group; and a group represented by
OG.

G 1s a protecting group for a hydroxyl group. The pro-
tecting group for a hydroxyl group is not particularly lim-
ited. The protecting group for a hydroxyl group may be an
arbitrary protecting group that is known as a protecting
group for a hydroxyl group. Examples of the protecting
group for a hydroxyl group include an acyl-based protecting
group; a silyl-based protecting group such as a trimethylsilyl




US 10,308,850 B2

S

group, a triethylsilyl group, a t-butyldimethylsilyl group,
and a t-butyldiphenylsilyl group; an acetal-based protecting
group such as a methoxymethyl group, a methoxyethoxym-
cthyl group, a 1-ethoxyethyl group, a tetrahydropyran-2-yl
group, and a tetrahydrofuran-2-yl group; an alkoxycarbonyl-
based protecting group such as a t-butoxycarbonyl group; an
cther-based protecting group such as a methyl group, an
cthyl group, a t-butyl group, an octyl group, an allyl group,
a triphenylmethyl group, a benzyl group, a p-methoxybenzyl
group, a tluorenyl group, a trityl group, and a benzhydryl
group; and the like. It 1s preferable that G be an acyl-based
protecting group.

The acyl-based protecting group 1s a group represented by
—C(=0)R (wherein R 1s an alkyl group having 1 to 6
carbon atoms (e.g., methyl group, ethyl group, n-propyl
group, 1sopropyl group, n-butyl group, 1sobutyl group, s-bu-
tyl group, t-butyl group, or n-pentyl group), or a substituted
or unsubstituted phenyl group).

Examples of the substituent when R 1s a substituted
phenyl group include an alkyl group such as a methyl group,
an ethyl group, an n-propyl group, an 1sopropyl group, an
n-butyl group, an s-butyl group, an 1sobutyl group, a t-butyl
group, an n-pentyl group, an n-hexyl group, an n-heptyl
group, an n-octyl group, and an 1sooctyl group; a halogen
atom such as a fluorine atom, a chlorine atom, and a bromine
atom; an alkoxy group such as a methoxy group and an
cthoxy group; and the like.

Examples of the aryl group that may be represented by R’
include a phenyl group, a 1-naphthyl group, a 2-naphthyl
group, and the like.

Examples of the substituent when R*' is a substituted aryl
group include an alkyl group such as a methyl group, an
cthyl group, an n-propyl group, an 1sopropyl group, an
n-butyl group, an s-butyl group, an 1sobutyl group, a t-butyl
group, an n-pentyl group, an n-hexyl group, an n-heptyl
group, an n-octyl group, and an 1sooctyl group; a halogen
atom such as a fluorine atom, a chlorine atom, and a bromine
atom; an alkoxy group such as a methoxy group and an
cthoxy group; and the like.

It is preferable that R' be a substituted or unsubstituted
alkyl group having 1 to carbon atoms, more preferably a
substituted or unsubstituted alkyl group having 1 to 6 carbon
atoms, and still more preferably a substituted or unsubsti-
tuted alkyl group having 1 to 3 carbon atoms, since a curable
composition that produces a cured product that exhibits
better heat resistance and adhesion 1s easily obtained.

The silane compound polymer (A) may include a repeat-
ing unit other than the repeating unit represented by the
formula (a-1). Examples of the repeating unit other than the
repeating unit represented by the formula (a-1) include a
repeating unit represented by the following formula (a-3),
and a repeating unit represented by the following formula

(a-4).

R1SiZO, (a-3)

R!SiZ,0,, (a-4)

R' in the formulas (a-3) and (a-4) is the same as defined
above. Z 1s a hydroxy group, an alkoxy group having 1 to 10
carbon atoms, or a halogen atom. Examples of the alkoxy
group having 1 to 10 carbon atoms include a methoxy group,
an ethoxy group, a propoxy group, an 1SOpropoxy group, a
butoxy group, a t-butoxy group, a pentyloxy group, a
hexyloxy group, an octyloxy group, and the like. Examples
of the halogen atom include a fluorine atom, a chlorine atom,
a bromine atom, and the like.
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It 1s preferable that Z be a hydroxy group or an alkoxy
group having 1 to 6 carbon atoms.

The content of the repeating unit represented by the
formula (a-1) 1n the silane compound polymer (A) 1s pret-
crably 40 mass % or more, more preferably 350 to 95 mass
%, and still more preterably 60 to 90 mass %, based on the
total amount of repeating units.

The content of the repeating unit represented by the
formula (a-1) 1n the silane compound polymer (A) can be
determined by measuring the S1 nuclear magnetic resonance
spectrum of the silane compound polymer (A), for example.

The silane compound polymer (A) may be a homopoly-
mer that includes only one type of R', or may be a copo-
lymer that includes two or more types of R'. When the silane
compound polymer (A) includes the repeating unit repre-
sented by the formula (a-3) and the repeating umit repre-
sented by the formula (a-4), the silane compound polymer
(A) may include only one type of Z, or may include two or
more types of Z.

When the silane compound polymer (A) 1s a copolymer,
the silane compound polymer (A) may be a random copo-
lymer, a block copolymer, a graft copolymer, an alternating
copolymer, or the like. In this case, it 1s preferable that the
silane compound polymer (A) be a random copolymer from
the viewpoint of ease of production and the like.

The silane compound polymer (A) may have a ladder-like
structure, a double decker-like structure, a basket-like struc-
ture, a partially cleaved basket-like structure, a cyclic struc-
ture, or a random structure.

The mass average molecular weight (Mw) of the silane
compound polymer (A) 1s normally 1,000 to 30,000, pret-
crably 3,000 to 20,000, and more preferably 5,000 to 15,000.
When the mass average molecular weight (Mw) of the silane
compound polymer (A) 1s within the above range, the
resulting composition exhibits an excellent handling capa-
bility, and a cured product that exhibits excellent adhesion
and excellent heat resistance 1s easily obtained.

The molecular weight distribution (Mw/Mn) of the silane
compound polymer (A) 1s not particularly limited, but 1s
normally 1.0 to 10.0, and preferably 1.1 to 6.0. When the
molecular weight distribution (Mw/Mn) of the silane com-
pound polymer (A) 1s within the above range, a cured
product that exhibits better adhesion and heat resistance 1s
casily obtained.

The mass average molecular weight (Mw) and the number
average molecular weight (Mn) may be determined as
standard polystyrene-equivalent values by gel permeation
chromatography (GPC) (eluent: tetrahydrofuran (THF)), for
example.

These silane compound polymers (A) may be used either
alone or 1n combination.

The silane compound polymer (A) may be produced using,
an arbitrary method. For example, the silane compound
polymer (A) can be produced by subjecting at least one
silane compound (1) represented by the following formula
(a-2) to polycondensation.

RISi(OR?) (X1, (a-2)

wherein R' is the same as defined above, R* is an alkyl group
having 1 to 10 carbon atoms, X" is a halogen atom, and X is
an integer from 0 to 3, provided that a plurality of R* are
either 1dentical to or different from each other when a
plurality of R* are present, and a plurality of X' are either
identical to or different from each other when a plurality of
X' are present.

Examples of the alkyl group having 1 to 10 carbon atoms
that is represented by R” include a methyl group, an ethyl
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group, an n-propyl group, an 1sopropyl group, an n-butyl
group, an s-butyl group, an 1sobutyl group, a t-butyl group,
and the like.

Examples of the halogen atom that is represented by X'
include a chlorine atom, a bromine atom, and the like.

Specific examples of the silane compound (1) include
alkyltrialkoxysilane compounds such as methyltrimethox-
ysilane, methyltriethoxysilane, ethyltrimethoxysilane, ethyl-
triethoxysilane, ethyltripropoxysilane, n-propyltrimethox-
ysilane, n-propyltriethoxysilane, n-propyltripropoxysilane,
n-propyltributoxysilane, n-butyltrimethoxysilane, isobutylt-
rimethoxysilane,  n-pentyltrimethoxysilane,  n-hexylt-
rimethoxysilane, and 1sooctyltriethoxysilane;
alkylhalogenoalkoxysilane compounds such as methylchlo-
rodimethoxysilane, methylchlorodiethoxysilane, methyldi-
chloromethoxysilane, methylbromodimethoxysilane, ethyl-
chlorodimethoxysilane, cthylchlorodiethoxysilane,
cthyldichloromethoxysilane, ethylbromodimethoxysilane,
n-propylchlorodimethoxysilane, n-propyldichloromethox-
ysilane, n-butylchlorodimethoxysilane, and n-butyldichlo-
romethoxysilane;
alkyltrihalogenosilane compounds such as methyltrichlo-
rosilane, methyltribromosilane, ethyltrichlorosilane, ethyl-
tribromosilane, n-propyltrichlorosilane, n-propyltribromosi-
lane, n-butyltrichlorosilane, 1sobutyltrichlorosilane,
n-pentyltrichlorosilane, n-hexyltrichlorosilane, and 1sooctyl-
trichlorosilane; and the like.

Alkyltrialkoxysilane compounds 1s preferable as the
silane compound (1) since a curable composition that pro-
duces a cured product that exhibits better adhesion can be
obtained.

These silane compounds (1) may be used either alone or
in combination.

The silane compound (1) may be subjected to polycon-
densation using an arbitrary method. For example, the silane
compound (1) may be subjected to polycondensation by
adding a specific amount of polycondensation catalyst to the
silane compound (1) in the presence or absence of a solvent,
and stirring the mixture at a specific temperature. More
specifically, the silane compound (1) may be subjected to
polycondensation using a method (a) that adds a specific
amount of an acid catalyst to the silane compound (1), and
stirs the mixture at a specific temperature, a method (b) that
adds a specific amount of a base catalyst to the silane
compound (1), and stirs the mixture at a specific tempera-
ture, a method (¢) that adds a specific amount of an acid
catalyst to the silane compound (1), stirs the mixture at a
specific temperature, adds an excess amount of a base
catalyst to the mixture so that the reaction system becomes
basic, and stirs the mixture at a specific temperature, or the
like. It 1s preferable to use the method (a) or (¢) since the
desired silane compound polymer (A) can be efliciently
obtained.

An acid catalyst or a base catalyst may be used as the
catalyst. Two or more catalysts may be used 1n combination.
Note that it 1s preferable to use at least an acid catalyst.

Examples of the acid catalyst include an inorganic acid
such as phosphoric acid, hydrochloric acid, boric acid,
sulfuric acid, and nitric acid; an organic acid such as citric
acid, acetic acid, methanesulfonic acid, trifluoromethane-
sulfonic acid, benzenesulionic acid, and p-toluenesulfonic
acid; and the like. It 1s preferable to use at least one
compound selected from phosphoric acid, hydrochloric acid,
boric acid, sulfuric acid, citric acid, acetic acid, and meth-
anesulfonic acid.

Examples of the base catalyst include aqueous ammonia;
an organic base such as trimethylamine, triethylamine,
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lithium diusopropylamide, lithium bis(trimethylsilyl)amide,
pyridine, 1,8-di1azabicyclo[5.4.0]-7-undecene, aniline, pico-
line, 1,4-diazabicyclo[2.2.2]octane, and 1midazole; an
organic base hydroxide such as tetramethylammonium
hydroxide and tetracthylammonium hydroxide; a metal
alkoxide such as sodium methoxide, sodium ethoxide,
sodium t-butoxide, and potassium t-butoxide; a metal
hydride such as sodium hydride and calcium hydride; a
metal hydroxide such as sodium hydroxide, potassium
hydroxide, and calcium hydroxide; a metal carbonate such
as sodium carbonate, potassium carbonate, and magnesium
carbonate; a metal hydrogen carbonate such as sodium

hydrogen carbonate and potassium hydrogen carbonate; and
the like.

The catalyst 1s normally used 1n a ratio of 0.1 to 10 mol
%, and preferably 1 to 5 mol %, based on the total number
of moles of the silane compound (1).

When a solvent 1s used, the solvent may be appropriately
selected taking account of the type of silane compound (1)
and the like. Examples of the solvent include water; aro-
matic hydrocarbons such as benzene, toluene, and xylene;
esters such as methyl acetate, ethyl acetate, propyl acetate,
butyl acetate, and methyl propionate; ketones such as
acetone, methyl ethyl ketone, methyl 1sobutyl ketone, and
cyclohexanone; alcohols such as methyl alcohol, ethyl alco-
hol, n-propyl alcohol, 1sopropyl alcohol, n-butyl alcohol,
1sobutyl alcohol, s-butyl alcohol, and t-butyl alcohol; and the
like. These solvents may be used either alone or in combi-
nation. When the method (¢) 1s used, a polycondensation
reaction may be effected in an aqueous system 1in the
presence of the acid catalyst, an organic solvent and an
excess amount of the base catalyst (e.g., aqueous ammonia)
may be added to the reaction mixture, and a polycondensa-
tion reaction may be eflected under basic conditions.

The solvent 1s used 1n an amount of 0.1 to 10 1, and
preferably 0.1 to 2 1, per mol of the silane compound (1).

The silane compound (1) 1s normally subjected to poly-
condensation at a temperature of 0° C. to the boiling point
of the solvent, and preferably 20 to 100° C. If the reaction
temperature 1s too low, the polycondensation reaction may
not suiliciently proceed. If the reaction temperature 1s too
high, 1t may be difhicult to suppress gelation. The reaction 1s
normally completed within 30 minutes to 20 hours.

After completion of the reaction, the reaction solution 1s
neutralized by adding an aqueous solution including an
alkali (e.g., sodium hydrogen carbonate) to the reaction
solution when the acid catalyst 1s used, or neutralized by
adding an acid (e.g., hydrochloric acid) to the reaction
solution when the base catalyst 1s used. Salts produced
during neutralization are removed by filtration, washing
with water, or the like to obtain the desired silane compound
polymer (A).

When the silane compound polymer (A) 1s produced
using the above method, OR* or X" included in the silane
compound (1) remains 1n the silane compound polymer (A)
when OR” or X' has not been subjected to dealcoholization
or the like. Therefore, the silane compound polymer (A) may
include the repeating unit represented by the formula (a-3)
and the repeating unit represented by the formula (a-4).
Component (B)

The curable composition according to one embodiment of
the mvention includes at least one silane coupling agent
selected from the group consisting of a silane coupling agent
that mncludes a nitrogen atom 1n 1ts molecule (heremafter
may be referred to as “silane coupling agent (B1)”), and a
silane coupling agent that includes an acid anhydride struc-
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ture 1n 1ts molecule (hereinafter may be referred to as “silane
coupling agent (B2)”), as the component (B).

The silane coupling agent (B1) 1s not particularly limited
as long as the silane coupling agent (B1) includes a nitrogen
atom 1n 1ts molecule. Examples of the silane coupling agent
(B 1) include a trialkoxysilane compound represented by the
tollowing formula (b-1), a dialkoxyalkylsilane compound or

a dialkoxyarylsilane compound represented by the following
formula (b-2), and the like.

(R%),SiR° (b-1)

(R*),(R*)SiR¢ (b-2)

R? 1n the formulas (b-1) and (b-2) 1s an alkoxy group
having 1 to 6 carbon atoms, such as a methoxy group, an
cthoxy group, an n-propoxy group, an 1sOpropoxy group, an
n-butoxy group, or a t-butoxy group. A plurality of R“ may
be either 1dentical to or different from each other.

R” is an alkyl group having 1 to 6 carbon atoms, such as
a methyl group, an ethyl group, an n-propyl group, an
1sopropyl group, an n-butyl group, or a t-butyl group, or a
substituted or unsubstituted aryl group such as a phenyl
group, a 4-chlorophenyl group, or a 4-methylphenyl group.

R* 1s an organic group having 1 to 10 carbon atoms that
includes a nitrogen atom. R® may be bonded to a group that
includes a silicon atom.

Specific examples of the organic group having 1 to 10
carbon atoms represented by R° include an N-2-(amino-
cthyl)-3-aminopropyl group, a 3-aminopropyl group, an
N-(1,3-dimethylbutylidene)aminopropyl group, a 3-urei-

dopropyltriethoxysilane group, an N-phenylaminopropyl
group, and the like.

Examples of the compound represented by the formula
(b-1) or (b-2) in which R* 1s an organic group that 1s bonded
to a group that includes a silicon atom, include a compound
in which R® 1s bonded to the silicon atom through an
1socyanurate skeleton to form an 1socyanurate-based silane
coupling agent, and a compound in which R® 1s bonded to
the silicon atom through a urea skeleton to form a urea-based
silane coupling agent.

The silane coupling agent (B1) 1s preferably an 1socya-
nurate-based silane coupling agent or a urea-based silane
coupling agent, and more preferably an isocyanurate-based
silane coupling agent or a urea-based silane coupling agent

that includes four or more alkoxy groups bonded to a silicon
atom 1n the molecule, since a cured product that exhibits

higher adhesion is easily obtained.

Note that the expression “includes four or more alkoxy
groups bonded to a silicon atom™ used herein means that the
total number of alkoxy groups bonded to an identical silicon
atom and alkoxy groups bonded to diflerent silicon atoms 1s
equal to or larger than 4.

Examples of the 1socyanurate-based silane coupling agent
that includes four or more alkoxy groups bonded to a silicon
atom 1nclude a compound represented by the following
formula (b-3). Examples of the urea-based silane coupling
agent that includes four or more alkoxy groups bonded to a
s1licon atom include a compound represented by the follow-
ing formula (b-4).
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(b-3)
O
(R93S1—— (H5C), )-I\ (CH»),;;—Si(RY)
3 > 2\N o 2)i1 3
o)\r‘q)\o
(?Hz)ﬁ
Si(R%)3
(b-4)

O
(R)381——(H2C)i5._ )‘k - (CHz)y—81(R%)3

R* 1n the formulas (b-3) and (b-4) 1s the same as defined

above.

tl to t5 are independently an integer from 1 to 10,
preferably an integer from 1 to 6, and particularly preferably
3.

Specific examples of the compound represented by the
formula (b-3) include a 1,3,5-N-tris[(tr1(C, _¢)alkoxy)silyl
(C,_,5)alkyl) 1socyanurate such as 1,3,5-N-tris(3-trimethox-
ysilylpropyl) 1socyanurate, 1,3,5-N-tris(3-triethoxysilylpro-
pyl) 1socyanurate, 1,3,5-N-tris(3-tri-1-propoxysilylpropyl)
1socyanurate, and 1,3,5-N-tris(3-tributoxysilylpropyl) 1so-
cyanurate; a 1,3,5-N-tris[(d1(C,_,)alkoxy)silvl(C, _,,)alkyl)
1socyanurate such as 1,3,5-N-tris(3-dimethoxymethylsilyl-
propyl) 1socyanurate, 1,3,5-N-tris(3-dimethoxyethylsilyl-
propyl) isocyanurate, 1,3,3-N-tris(3-dimethoxy-1-propylsi-
lylpropyl)  1socyanurate, 1,3,5-N-tris(3-dimethoxy-n-
propylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
dimethoxyphenylsilylpropyl) isocyanurate, 1,3,5-N-tris(3-
iethoxymethylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
iethoxyethylsilylpropyl)  1socyanurate, 1,3,5-N-tris(3-
1ethoxy-1-propylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
1ethoxy-n-propylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
diethoxyphenylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-di-
1-propoxymethylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
di-1-propoxyethylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
di-1-propoxy-1-propylsilylpropyl) 1socyanurate, 1,3,5-N-tris
(3-di-1-propoxy-n-propylsilylpropyl) 1socyanurate, 1,3,5-N-
tris(3-di-1-propoxyphenylsilylpropyl) 1socyanurate, 1,3,5-N-
tris(3-dibutoxymethylsilylpropyl) 1socyanurate, 1,3,5-N-tr1s
(3-dibutoxyethylsilylpropyl) isocyanurate, 1,3,5-N-tr1s(3-
dibutoxy-1-propylsilylpropyl) 1socyanurate, 1,3,5-N-tris(3-
dibutoxy-n-propylsilylpropyl) 1socyanurate, and 1,3,5-N-
tris(3-dibutoxyphenylsilylpropyl) isocyanurate; and the like.

Specific examples of the compound represented by the
formula (b-4) include an N,N'-bis(tr1(C, _;)alkoxysilyl(C,_
10)alkyl)urea such as N,N'-b1s(3-trimethoxysilylpropyljurea,
N,N'-bis(3-triethoxysilylpropyl)urea, N,N'-bis(3-tripropox-
ysilylpropyl)urea, N,N'-bis(3-tributoxysilylpropyl)urea, and
N,N'-b1s(2-trimethoxysilylethyl)urea; an N,N'-bis(di(C, )
alkoxvy(C, _¢)alkylsilyl(C, _,,)alkyl)urea such as N,N'-bis(3-
dimethoxymethylsilylpropyl)urea, N,N'-bis(3-dimethoxy-
cthylsilylpropyl)urea, and N,N'"-b1s(3-
diethoxymethylsilylpropyljurea; an N,N'-b1s(di(C, _.)alkoxy
(Ce_p)arylsilyl(C, , )alkyl)urea such as  N,N'-bis(3-
dimethoxyphenylsilylpropyljurea and N,N'-b1s(3-
diethoxyphenylsilylpropyljurea; and the like.

It 1s preferable to use either or both of 1,3,5-N-tr1s(3-
trimethoxysilylpropyl) 1socyanurate and 1,3,5-N-tris(3-tri-
cthoxysilylpropyl) 1socyanurate (hereinafter collectively
referred to as “1socyanurate compound”), or either or both of

C
C
C
C
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N,N'-bis(3-trimethoxysilylpropyl)urea and N,N'-bis(3-tri-
cthoxysilylpropyl)urea (herematter collectively referred to

as “urea compound”), or a combination of the 1socyanurate

compound and the urea compound, as the silane coupling
agent (B 1).

When a combination of the 1socyanurate compound and
the urea compound 1s used as the silane coupling agent (B1),
the 1socyanurate compound and the urea compound are
preferably used 1n a mass ratio (1socyanurate compound:urea
compound) o1 100:1 to 100:200, and more preferably 100:10
to 100:110. When the 1socyanurate compound and the urea
compound are used 1n a mass ratio within the above range,
it 1s possible to obtain a curable composition that produces
a cured product that exhibits better heat resistance and
adhesion.

The silane coupling agent (B2) 1s an organosilicon com-
pound that includes a group (QQ) having an acid anhydride
structure and a hydrolyzable group (R®) 1in one molecule.

More specifically, the silane coupling agent (B1) 1s a com-
pound represented by the following formula (b-5).

(b-5)
(I‘*’ld)j

(Q)i——S1—— R

In the formula (b-5), Q is an acid anhydride structure, R?
1s an alkyl group having 1 to 6 carbon atoms, or a substituted
or unsubstituted phenyl group, R 1s an alkoxy group having
1 to 6 carbon atoms, or a halogen atom, 1 and k are an integer
from 1 to 3, and j 1s an integer from 0 to 2, provided that
i+j+k=4. A plurality of RY may be either identical to or
different from each other when 7 1s 2. A plurality of R® may
be either 1dentical to or different from each other when k 1s
2 or 3. A plurality of (Q may be either identical to or different
from each other when 1 1s 2 or 3.

Examples of Q include the groups respectively repre-
sented by the following formulas (Q1) to (Q4), and the like.

The group represented by the formula (Q1) 1s particularly
preferable.

(Q1)

J(CHEZ—

(Q2)

(Q3)
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-continued
(Q4)
= (CHy 7
%/\/\‘ AN
O
O

wherein h 1s an integer from 0 to 10.

Examples of the alkyl group having 1 to 6 carbon atoms
that may be represented by R in the formula (b-5) include
those mentioned above in connection with the alkyl group
having 1 to 6 carbon atoms that may be represented by R".
Examples of the substituted or unsubstituted phenyl group

that may be represented by R in the formula (b-5) include
those mentioned above 1n connection with the substituted or
unsubstituted phenyl group that may be represented by R.

Examples of the alkoxy group having 1 to 6 carbon atoms
that may be represented by R® include a methoxy group, an
cthoxy group, a propoxy group, an 1SOpropoxy group, a
butoxy group, a t-butoxy group, and the like.

Examples of the halogen atom that may be represented by
R® include a chlorine atom, a bromine atom, and the like.

A compound represented by the following formula (b-6)
1s preferable as the compound represented by the formula

(b-5).

(b-6)
(CH3);

(CH2>;HY81—<R%

wherein R®, h, 1, 1, and k are the same as defined above.

h 1n the formula (b-6) 1s preferably 2 to 8, more preferably
2 or 3, and particularly preferably 3.

Specific examples of the silane coupling agent repre-

sented by the formula (b-6) include a tri(C, _;)alkoxysilyl
(C,_g)alkylsuccinic anhydride such as 2-(trimethoxysilyl)
cthylsuccimic anhydride, 2-(triethoxysilyl)ethylsuccinic
anhydride, 3-(trimethoxysilyl)propylsuccinic anhydride,
and 3-(triethoxysilyl)propylsuccinic anhydride; a di(C,_,)
alkoxymethylsilyl(C,_g)alkylsuccinic anhydride such as
2-(dimethoxymethylsilyl)ethylsuccinic anhydride; a (C, )
alkoxydimethylsilyl(C,_q)alkylsuccinic anhydride such as
2-(methoxydimethylsilyl)ethylsuccinic anhydride;
a trihalogenosilyl(C,_g)alkylsuccinic anhydride such as
2-(trichlorosilyl)ethylsuccinic anhydride and 2-(tribromosi-
lyDethylsuccinic anhydride; a dihalogenomethylsilyl(C, o)
alkylsuccinic anhydride such as 2-(dichloromethylsilyl)eth-
ylsuccinic  anhydride; a  halogenodimethylsilyl(C, o)
alkylsuccinic anhydride such as 2-(chlorodimethylsilyl)
cthylsuccinic anhydride; and the like.

Among these, a tri(C,_y)alkoxysilyl(C,_g)alkylsuccinic
anhydride 1s preferable, and 3-(trimethoxysilyl)propylsuc-
cinic anhydride and 3-(triethoxysilyl)propylsuccinic anhy-
dride are particularly preferable.

These silane coupling agents may be used either alone or
in combination as the component (B).

It 1s preferable that the component (B) include both the
silane coupling agent (B1) and the silane coupling agent

(B2).
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When the component (B) includes both the silane cou-
pling agent (B 1) and the silane coupling agent (B2), it 1s
preferable that the component (B) include the silane cou-
pling agent (B1) and the silane coupling agent (B2) 1n a mass
ratio (silane coupling agent (B1):s1lane coupling agent (B2))
of 100:1 to 100:200, and more preferably 100:5 to 100:30.

It 1s preferable that the curable composition according to
one embodiment of the invention include the component (A)
and the component (B) in a mass ratio (component (A):

component (B)) of 100:0.01 to 100:50, and more preferably
100:0.1 to 100:30.

When the component (A) and the component (B) are used
in a ratio within the above range, the curable composition
according to one embodiment of the invention produces a
cured product that exhibits better heat resistance and adhe-
$101.

Component (C)

The curable composition according to one embodiment of
the invention may include a silane coupling agent that
includes a sulfur atom-containing functional group 1in 1ts
molecule (hereinatter may be referred to as “silane coupling,
agent (C)”) as a component (C).

Examples of the sulfur atom-containing functional group
included 1n the silane coupling agent (C) include a thiol
group (—SH); an acylthio group (—S—CO—R"); a sulfide
group (—S—); a polysulfide group (—(S),—) such as a
disulfide group (—S—S—) and a tetrasulfide group (—S
S—S—S—); and the like.

Examples of the silane coupling agent (C) include silane
coupling agents respectively represented by the following
formulas (c-1) to (c-4), other silane coupling agents that

include a sulfur atom-containing functional group, oligom-
ers thereof, and the like.

(Y!H);Si-A'-SH (c-1)
(Y";Si-A-S—CO—R (c-2)
(Y1;3Si-Al-S—Si(Y?), (c-3)
(Y1;3Si-A-(S),-AZ-Si(Y?), (c-4)

wherein Y' and Y* are independently an alkoxy group
having 1 to 10 carbon atoms, A" and A* are independently a
substituted or unsubstituted divalent hydrocarbon group
having 1 to 20 carbon atoms, R' is a monovalent organic
group having 1 to 20 carbon atoms, and v 1s an 1nteger from
1 to 4, provided that a plurality of Y' are either identical to
or different from each other, and a plurality of Y~ are either
identical to or diflerent from each other.

Examples of the alkoxy group having 1 to 10 carbon
atoms represented by Y' and Y~ include a methoxy group, an
ethoxy group, an n-propoxy group, an 1sOpropoxy group, an
n-butoxy group, an s-butoxy group, an isobutoxy group, a
t-butoxy group, and the like.

Y"' and Y* are preferably an alkoxy group having 1 to 6
carbon atoms.

Examples of the substituted or unsubstituted divalent
hydrocarbon group having 1 to 20 carbon atoms represented
by A' and A® include an alkylene group having 1 to 20
carbon atoms, an alkenylene group having 2 to 20 carbon
atoms, an alkynylene group having 2 to 20 carbon atoms, an
arylene group having 6 to 20 carbon atoms, a divalent group
having 7 to 20 carbon atoms obtained by combining an
alkylene group, an alkenylene group, or an alkynylene group
with an arylene group, and the like.

Examples of the alkylene group having 1 to 20 carbon
atoms include a methylene group, an ethylene group, a
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propylene group, a trimethylene group, a tetramethylene
group, a pentamethylene group, a hexamethylene group, and
the like.

Examples of the alkenylene group having 2 to 20 carbon
atoms include a vinylene group, a propenylene group, a
butenylene group, a pentenylene group, and the like.

Examples of the alkynylene group having 2 to 20 carbon
atoms include an ethynylene group, a propynylene group,

and the like.

Examples of the arylene group having 6 to 20 carbon
atoms 1nclude an o-phenylene group, an m-phenylene group,
a p-phenylene group, a 2,6-naphthylene group, and the like.

Examples of a substituent that may substitute the alkylene
group having 1 to 20 carbon atoms, the alkenylene group
having 2 to 20 carbon atoms, and the alkynylene group
having 2 to 20 carbon atoms include a halogen atom such as
a tluorine atom and a chlorine atom; an alkoxy group such
as a methoxy group and an ethoxy group; an alkoxycarbonyl
group such as a methoxycarbonyl group and an ethoxycar-
bonyl group; and the like.

Examples of a substituent that may substitute the arylene
group having 6 to 20 carbon atoms include a cyano group:;
a nitro group; a halogen atom such as a fluorine atom, a
chlorine atom, and a bromine atom; an alkyl group such as
a methyl group and an ethyl group; an alkoxy group such as
a methoxy group and an ethoxy group; and the like.

These substituents may be bonded to the alkylene group,
the alkenylene group, the alkynylene group, and the arylene
group at an arbitrary position. A plurality of identical or
different substituents may be bonded to the alkylene group,
the alkenylene group, the alkynylene group, and the arylene
group.

Examples of the divalent group obtained by combining a
substituted or unsubstituted alkylene group, a substituted or
unsubstituted alkenylene group, or a substituted or unsub-
stituted alkynylene group with a substituted or unsubstituted
arylene group, include a group in which at least one group
among a substituted or unsubstituted alkylene group, a
substituted or unsubstituted alkenylene group, and a substi-
tuted or unsubstituted alkynylene group 1s linearly bonded to
at least one substituted or unsubstituted arylene group, and
the like. Specific examples of the divalent group include the
groups respectively represented by the following formulas,

and the like.

CH, (CH;); CH;
O )\\ a
S R .

b

(THz)z CH,

\>_

%

CH

CH
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A" and A” are preferably an alkylene group having 1 to 4
carbon atoms (e.g., methylene group, ethylene group, pro-
pylene group, trimethylene group, or tetramethylene group).

R' is not particularly limited as long as —CO—R" can
function as a protecting group. Examples of R' include an
alkyl group such as a methyl group, an ethyl group, an
n-propyl group, an 1sopropyl group, an n-butyl group, an
1sobutyl group, an s-butyl group, a t-butyl group, an n-pentyl
group, an n-hexyl group, an n-heptyl group, an n-octyl
group, an n-nonyl group, an n-decyl group, an n-undecyl
group, and an n-dodecyl group; a substituted or unsubsti-
tuted phenyl group; and the like.

Examples of the substituent when R' is a substituted
phenyl group include an alkyl group such as a methyl group,
an ethyl group, an n-propyl group, an 1sopropyl group, an
n-butyl group, an s-butyl group, an 1sobutyl group, a t-butyl
group, an n-pentyl group, and an n-hexyl group; a halogen
atom such as a fluorine atom, a chlorine atom, and a bromine
atom; an alkoxy group such as a methoxy group and an
cthoxy group; and the like.

R' is preferably an alkyl group having 1 to 20 carbon
atoms, and more preferably an alkyl group having 1 to 10
carbon atoms.

v 1s an 1teger from 1 to 4, preferably 1, 2, or 4, and more
preferably 2 or 4.

Examples of the silane coupling agent represented by the
formula (c-1) include mercaptoalkyltrialkoxysilanes such as
mercaptomethyltrimethoxysilane, mercaptomethyltriethox-
ysilane, mercaptomethyltripropoxysilane, 2-mercaptoethyl-
trimethoxysilane, 2-mercaptoethyltricthoxysilane, 2-mer-
captoethyltripropoxysilane,
3-mercaptopropyltrimethoxysilane,  3-mercaptopropyltri-
cthoxysilane, and 3-mercaptopropyltripropoxysilane.

Examples of the silane coupling agent represented by the
tformula (c-2) include alkanoylthioalkyltrialkoxysilane com-
pounds such as 2-hexanoylthioethyltrimethoxysilane,
2-hexanoylthioethyltriethoxysilane, 2-octanoylthioethylt-
rimethoxysilane, 2-octanoylthioethyltriethoxysilane, 2-de-
canoylthioethyltrimethoxysilane,  2-decanoylthioethyltri-
cthoxysilane, 3-hexanoylthiopropyltrimethoxysilane,
3-hexanoylthiopropyltriethoxysi lane, 3-octanoylthiopropy-
Itrimethoxysilane, 3-octanoylthiopropyltriethoxysilane,
3-decanoylthiopropyltrimethoxysilane, and 3-decanoylthio-
propyltriethoxysilane.

Examples of the silane coupling agent represented by the
formula (c-3) include 2-trimethoxysilylethylsulfanylt-
rimethoxysilane, 2-trimethoxysilylethylsulfanyltriethoxysi-
lane, 2-triethoxysilylethylsulfanyltrimethoxysilane, 2-tri-
cthoxysilylethylsulfanyltriethoxysilane,
3-trimethoxysilylpropylsulfanyltrimethoxysilane,
3-trimethoxysilylpropylsulfanyltriethoxysilane, 3-triethox-
ysilylpropylsulfanyltrimethoxysilane, 3-triethoxysilylpro-
pylsulfanyltriethoxysilane, and the like.

Examples of the silane coupling agent represented by the
formula (c-4) include a disulfide compound such as bis(2-
trimethoxysilylethyl) disulfide, bis(2-triethoxysilylethyl)
disulfide, bis(3-trimethoxysilylpropyl) disulfide, bis(3-tri-
cthoxysilylpropyl) disulfide, bis(4-trimethoxysilylbutyl)
disulfide, and bis(4-triethoxysilylbutyl) disulfide; a tetrasul-
fide compound such as bis(2-triethoxysilylethyl) tetrasul-
fide, bis(3-trimethoxysilylpropyl) tetrasuliide, and bis(3-tri-
cthoxysilylpropyl) tetrasulfide; and the like.

Examples of other silane coupling agents that include a
sulfur atom-containing functional group include a thiocar-
bamoyl group-containing silane coupling agent such as
3-trimethoxysilylpropyl-N,N-dimethylthiocarbamoyl tetra-
sulfide, 3-triethoxysilylpropyl-N,N-dimethylthiocarbamoyl
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tetrasulfide, 2-triethoxysilylethyl-N,N-dimethylthiocarbam-
oyl tetrasulfide, and 2-trimethoxysilylethyl-N,N-dimethyl-
thiocarbamoyl tetrasulfide; a benzothiazolyl group-contain-
ng, silane coupling, agent such as
3-trimethoxysilylpropylbenzothiazolyl tetrasulfide and 3-tr1-
cthoxysilylpropylbenzothiazolyl tetrasulfide; a (meth)acry-
late group-containing silane coupling agent (note: the term
“(meth)acrylate” refers to an acrylate or a methacrylate)
such as 3-triethoxysilylpropyl (meth)acrylate monosulfide
and 3-trimethoxysilylpropyl (meth)acrylate monosulfide; a
polysulfide group-containing silane coupling agent such as a
bis(3-triethoxysilylpropyl) polysulfid, a bis(2-triethoxysilyl-
propyl) polysulfide, and a bis(4-triethoxysilylbutyl) polysul-
fide; and the like.

Among these, the silane coupling agent represented by the
formula (c-1), the silane coupling agent represented by the
formula (c-3), and oligomers thereol are preferable, the
silane coupling agent represented by the formula (c-1) 1n
which Y is an alkoxy group having 1 to 10 carbon atoms
(e.g., 2-mercaptoethyltrimethoxysilane, 2-mercaptoethyltri-
cthoxysilane, 2-mercaptoethyltripropoxysilane, 3-mercapto-
propyltrimethoxysilane, 3-mercaptopropyltriethoxysilane,
and 3-mercaptopropyltripropoxysilane), the silane coupling
agent represented by the formula (c-3) in which Y' and Y~
are an alkoxy group having 1 to 10 carbon atoms (e.g.,
2-trimethoxysilylethylsulfanyltrimethoxysilane,
2-trimethoxysilylethylsultanyltriethoxysilane, 2-triethoxysi-
lylethylsulfanyltrimethoxysilane, 2-triethoxysilylethylsulia-
nyltriethoxysilane, 3-trimethoxysilylpropylsulfanylt-
rimethoxysilane,
3-trimethoxysilylpropylsulfanyltriethoxysilane, 3-triethox-
ysilylpropylsultanyltrimethoxysilane, and 3-triethoxysilyl-
propylsulfanyltriethoxysilane), and oligomers thereof are
more prelferable, and 3-mercaptopropyltrimethoxysilane,
3-trimethoxysilylpropylsulfanyltriethoxysilane, and oligom-
ers thereotf are still more preferable as the component (C).

These silane coupling agents (C) may be used either alone
or 1n combination.

When the curable composition according to one embodi-
ment of the mvention includes the component (C), the
curable composition may include the component (C) 1n an
arbitrary ratio. It 1s preferable that the curable composition
include the component (A) and the component (C) 1n a mass

ratio (component (A):component (C)) of 100:0.1 to 100:50,
more preferably 100:0.3 to 100:30, and still more preferably
100:0.4 to 100:25.

When the curable composition includes the component
(A) and the component (C) 1n a ratio within the above range,
the curable composition produces a cured product that
exhibits better heat resistance and adhesion.

Component (D)

The curable composition according to one embodiment of
the invention may include fine particles as a component (D).
A curable composition that produces a cured product that
exhibits excellent delamination resistance 1s easily obtained
by utilizing the fine particles.

The fine particles are not particularly limited. Examples
of the fine particles include morganic fine particles such as
metal fine particles; metal oxide fine particles; mineral fine
particles; fine particles of a metal carbonate such as calctum
carbonate and magnesium carbonate; fine particles of a
metal sulfate such as calcium sulfate and barium sulfate; fine
particles of a metal hydroxide such as aluminum hydroxide;
fine particles of a metal silicate such as aluminum silicate,
calcium silicate, and magnesium silicate; silica fine par-
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ticles; silicone fine particles; fine particles of a metal oxide
that 1s covered with a silicone; organic fine particles such as
acrylic beads; and the like.

These fine particles may be used either alone or in
combination.

The term “metal” used herein refers to the elements that
respectively belong to Group 1 (excluding H), Groups 2 to
11, Group 12 (excluding Hg), Group 13 (excluding B),
Group 14 (excluding C and S1), Group 15 (excluding N, P,
As, and Sb), and Group 16 (excluding O, S, Se, Te, and Po)
in the periodic table.

The silica may be dry silica, wet silica, organically
modified silica, or a mixture including two or more types of
silica among dry silica, wet silica, organically modified
silica.

The term “silicone” used herein refers to an artificial
polymer compound that has a main skeleton that includes a
siloxane bond. Examples of the silicone include dimethyl-
polysiloxane, diphenylpolysiloxane, methylphenylpolysi-
loxane, and the like.

Examples of the metal oxide include titanium oxide,
alumina, boehmite, chromium oxide, nickel oxide, copper
oxide, titanium oxide, zirconium oxide, indium oxide, zinc
oxide, a complex oxide thereof, and the like. The metal
oxide fine particles may be sol particles of these metal
oxides.

Examples of the mineral include a smectite, a bentonite,
and the like.

Examples of the smectite include montmorillonite, beid-
cllite, hectorite, saponite, stevensite, nontronite, sauconite,
and the like.

Among these, silica, a silicone, and fine particles of a
metal oxide that 1s covered with a silicone are preferable,
and silica and a silicone are more preferable.

The fine particles may have a spherical shape, a chain-like
shape, a needle-like shape, a plate-like shape, a tlaky shape,
a rod-like shape, a fibrous shape, or the like. It 1s preferable
that the fine particles have a spherical shape. The term
“spherical shape” used herein refers to a spherical shape, and
an approximately spherical shape including a polyhedral
shape that can be approximated to a sphere, such as a
spheroidal shape, an oval shape, a konpeito-like shape, and
a cocoon-like shape.

The average primary particle size of the fine particles 1s
preferably 0.01 to 8 m, and more preferably 0.05 to 5 um.

The term “‘average primary particle size” used herein
refers to a value that 1s determined by measuring the particle
size distribution 1n accordance with a laser scattering
method using a laser diflraction/scattering particle size dis-
tribution analyzer (e.g., “LA-920” manufactured by Horiba
Ltd.).

The content of the component (D) 1s not particularly
limited. The curable composition preferably includes the
component (A) and the component (D) 1n a mass ratio
(component (A):component (D)) of 100:0.1 to 100:30, more
preferably 100:0.3 to 100:20, still more preferably 100:0.5
to 100:15, and particularly preferably 100:0.8 to 100:12.
Additional Component (E)

The curable composition according to one embodiment of
the mvention may include an additional component other
than the above components as long as the object of the
invention 1s not impaired.

Examples of the additional component include a diluent,
an antioxidant, a UV absorber, a light stabilizer, and the like.

The diluent may be added to the curable composition
according to one embodiment of the invention so that the
curable composition exhibits fluidity.
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Examples of the diluent include diethylene glycol
monobutyl ether acetate, glycerol diglycidyl ether, butane-
diol diglycidyl ether, diglycidylaniline, neopentyl glycol
glycidyl ether, cyclohexanedimethanol diglycidyl ether, an
alkylene diglycidyl ether, polyglycol diglycidyl ether, poly-
propylene glycol diglycidyl ether, trimethylolpropane trigly-
cidyl ether, glycerol triglycidyl ether, 4-vinylcyclohexene
monoxide, vinylcyclohexene dioxide, methylated vinylcy-
clohexene dioxide, and the like.

These diluents may be used either alone or in combina-
tion.

The diluent 1s preferably used so that the curable com-
position according to one embodiment of the invention has
a solid content of 50 to 100 mass %, more preferably 60 to
90 mass %, and still more preferably 70 to 85 mass %.

The antioxidant 1s added to the curable composition 1n
order to prevent deterioration due to oxidation during heat-
ing. Examples of the antioxidant include a phosphorus-
based antioxidant, a phenol-based antioxidant, a sulfur-
based antioxidant, and the like.

Examples of the phosphorus-based antioxidant include
phosphites, oxaphosphaphenanthrene oxides, and the like.
Examples of the phenol-based antioxidant include mono-
phenols, bisphenols, polyphenols, and the like. Examples of
the sulfur-based antioxidant include dilauryl 3,3'-thiodipro-
pionate, dimyristyl 3,3'-thiodipropionate, distearyl 3,3'-thio-
dipropionate, and the like.

These antioxidants may be used either alone or 1n com-
bination. The antioxidant 1s normally used 1n a ratio of 10
mass % or less based on the component (A).

The UV absorber 1s added to the curable composition 1n
order to improve the light resistance of the resulting cured
product.

Examples of the UV absorber include salicylic acids,
benzophenones, benzotriazoles, hindered amines, and the
like.

These UV absorbers may be used either alone or in
combination.

The UV absorber 1s normally used 1n a ratio of 10 mass
% or less based on the component (A).

The light stabilizer 1s added to the curable composition 1n
order to improve the light resistance of the resulting cured
product.

Examples of the light stabilizer include hindered amines
such as poly[{6-(1,1,3,3-tetramethylbutyl)amino-1,3,5-tri-
azine-2,4-diyl }(2,2,6,6-tetramethyl-4-piperidine)
imino thexamethylene {(2,2,6,6-tetramethyl-4-piperidine)
imino}], and the like.

These light stabilizers may be used either alone or in
combination.

These additional components (excluding the diluent) are
normally used 1n a total ratio of 20 mass % or less based on
the component (A).

The curable composition according to one embodiment of
the 1nvention may be prepared by producing a curable
polysilsesquioxane compound (silane compound polymer
(A)) as described above, and mixing the curable polysilses-
quioxane compound with the component (B).

More specifically, the curable composition according to
one embodiment of the invention may be prepared by
mixing the component (A), the component (B), and an
optional additional component 1n a specific ratio (so that the
component (A) and the component (B) preferably account
for 50 mass % or more of the mixture), and defoaming the
mixture.




US 10,308,850 B2

19

The mixing method and the defoaming method are not
particularly limited. A known mixing method and a known
defoaming method may be used.

The curable composition according to one embodiment of
the invention produces a cured product that has a solid-state
S1 nuclear magnetic resonance spectrum 1n which a peak 1s
observed within a range from —-80 ppm or more to less than
—40 ppm, and the half-width of the peak 1s 500 to 900 Hz.

The term “half-width” used herein refers to a width
obtained by cutting the peak shape at a value that i1s half of
the value (height) of the peak observed in the solid-state Si
nuclear magnetic resonance spectrum. For example, when
the values of peaks obtained by cutting the peak shape at a
value that 1s half of the value of the original peak are referred
to as a (ppm) and b (ppm) (b>a), the half-width 1s calculated
by (b-a)xM (Hz) (where, M 1s the resonance frequency).

The half-width of the peak that 1s observed within a range
from —80 ppm or more to less than —40 ppm 15 500 to 900
Hz, preterably 500 to 800 Hz, more preferably 500 to 700
Hz, and still more preferably 500 to 600 Hz.

If the half-width of the peak that 1s observed within a
range from —-80 ppm or more to less than —40 ppm 1s too
small, the cured product of the curable composition may not
exhibit high adhesion. A peak of which the half-width
exceeds 900 Hz normally rarely occurs within a range from
—80 ppm or more to less than —40 ppm.

When a plurality of peaks that overlap each other are
observed within a range from —-80 ppm or more to less than
—40 ppm, the half-width of each peak can be determined by
performing curve {fitting analysis that utilizes a Gaussian
function or a Lorentzian function.

When the cured product that has a solid-state S1 nuclear
magnetic resonance spectrum in which a plurality of peaks
are observed within a range from —80 ppm or more to less
than —40 ppm, 1t suflices that the halt-width of at least one
peak included within a range from —80 ppm or more to less
than —40 ppm be within the above range.

The solid-state S1 nuclear magnetic resonance spectrum
may be measured at room temperature (e.g., 25° C.) using an
ordinary method.

When a plurality of peaks are observed within a range
from —80 ppm or more to less than —40 ppm, 1t suilices that
the halt-width of at least one peak be 500 to 900 Hz.

It 1s considered that a peak that 1s observed within a range
from —80 ppm or more to less than —40 ppm 1s attributed to
the silicon atom that 1s included in the repeating umit
represented by the formula (a-1).

The half-width of a peak that 1s observed within a range
from —80 ppm or more to less than —40 ppm 1s aflected by
the type of R' included in the repeating unit represented by
the formula (a-1), the amount of component (B), the pres-
ence or absence of the components (C) and (D), and the like
(see the examples).

Therefore, a curable composition that meets the above
requirement can be efliciently obtained by producing the
silane compound polymer (A) that 1s used as the component
(A), measuring the solid-state S1 nuclear magnetic resonance
spectrum of the cured product of the silane compound
polymer (A), calculating the half-width of the peak observed
within a range from —80 ppm or more to less than —40 ppm,
and appropriately determining the amount of component (B)
and the like.

Note that the chemical shiit and the halt-width of the peak
normally do not depend on the curing conditions and the like
as long as a cured product obtained by sufliciently curing the
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curable composition 1s used as the measurement sample
when measuring the solid-state S1 nuclear magnetic reso-
nance spectrum.

For example, a cured product that i1s suitable as the
measurement sample can be obtained by curing the curable
composition according to one embodiment of the mvention
at 170° C. for 2 hours.

It 1s determined that the curing reaction has sufliciently
proceeded, and a cured product that 1s suitable as the
measurement sample has been obtained when a significant
weilght loss due to an 1increase 1 temperature 1s not observed
by differential heat thermogravimetry (TG-DTA), ifor
example.

The curable composition according to one embodiment of
the invention obtained as described above can produce a
cured product that exhibits excellent heat resistance and high
adhesion.

Therefore, the curable composition according to one
embodiment of the invention 1s suitably used as a raw
material for producing an optical part or a formed article, an
adhesive, a coating material, and the like. Since the curable
composition according to one embodiment of the mvention
can reduce or suppress deterioration in an optical element-
securing material due to an increase in brightness of the
optical element, the curable composition may suitably be
used as an optical element-securing composition.

2) Cured Product

A cured product according to one embodiment of the
invention 1s obtaimned by curing the curable composition
according to one embodiment of the invention.

The curable composition according to one embodiment of
the mvention may be cured by heating, for example. The
heating temperature when curing the curable composition 1s
normally 100 to 200° C., and the heating time 1s normally 10
minutes to hours, and preferably 30 minutes to 10 hours.

The cured product according to one embodiment of the
invention exhibits excellent heat resistance and high adhe-
S101.

Therefore, the cured product according to one embodi-
ment of the mvention may suitably be used as an optical
clement-securing matenal that can solve a problem with
regard to deterioration due to an increase 1n brightness of the
optical element.

A cured product obtained by curing the curable compo-
sition according to one embodiment of the invention exhibits
excellent heat resistance and high adhesion when the adhe-
sion 1s measured as described below, for example. Specifi-
cally, the curable composition according to one embodiment
of the mvention 1s applied to a mirror surface of a silicon
chip. The surface of the silicon chip to which the curable
composition has been applied 1s placed on and compression-
bonded to an adherend, and the curable composition i1s cured
by heating. After allowing the resulting product to stand for
30 seconds on a measurement stage of a bond tester that has
been heated to a specific temperature (e.g., 23 or 100° C.),
the adhesion between the specimen and the adherend 1s
measured while applying a stress to the bonding surface in
the horizontal direction (shear direction) at a height of 50 m
above the adherend.

It 1s preferable that the cured product have an adhesion at
23° C. of 60 N/2 mm” or more, more preferably 80 N/2 mm”~
or more, and particularly preferably 100 N/2 mm* or more.
It 1s preferable that the cured product have an adhesion at
100° C. of 40 N/2 mm” or more, more preferably 50 N/2
mm~* or more, and particularly preferably 60 N/2 mm? or
more.
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3) Method for Using Curable Composition

A method for using a curable composition according to
one embodiment of the invention uses the curable compo-
sition according to one embodiment of the invention as an
optical element-securing adhesive or an optical element
sealing material.

Examples of the optical element include a light-emitting
clement (e.g., LED and LD), a light-receiving element, a
hybrid optical element, an optical integrated circuit, and the
like.

Optical Element-Securing Adhesive

The curable composition according to one embodiment of
the mvention may suitably be used as an optical element-
securing adhesive.

When the curable composition according to one embodi-
ment of the invention 1s used as an optical element-securing,
adhesive, the curable composition 1s applied to the bonding
surface of either or both of the bonding target materials (e.g.,
an optical element and a substrate). After compression-
bonding the bonding target materials, the curable composi-
tion 1s cured by heating to firmly bond the bonding target
materials, for example.

Examples of a substrate material (to which an optical
clement 1s bonded) include glass such as soda lime glass and
heat-resistant hard glasses; a ceramic; sapphire; metals such
as 1iron, copper, aluminum, gold, silver, platinum, chromium,
titanium, alloys thereof, and stainless steel (e.g., SUS302,
SUS304, SUS304L, and SUS309); a synthetic resin such as
polyethylene terephthalate, polybuthylene terephthalate,
polyethylene naphthalate, an ethylene-vinyl acetate copoly-
mer, polystyrene, a polycarbonate, polymethylpentene, a
polysulione, polyether ether ketone, polyethersulione, poly-
phenylene sulfide, polyetherimide, a polyimide, a poly-
amide, an acrvlic resin, a norbornene-based resin, a
cycloolefin resin, and a glass epoxy resin; and the like.

The heating temperature when curing the curable com-
position 1s selected taking account of the type of curable
composition and the like, but 1s normally 100 to 200° C. The
heating time 1s normally 10 minutes to 20 hours, and
preferably 30 minutes to 10 hours.

Optical Element Sealing Material

The curable composition according to one embodiment of
the mvention may suitably be used as an optical element
sealing material.

When the curable composition according to one embodi-
ment of the invention 1s used as an optical element sealing
material, the curable composition 1s formed to have the
desired shape so as to include an optical element to obtain
a formed article that includes the optical element, and the
formed article 1s cured by heating to produce a sealed optical
clement, for example.

The curable composition according to one embodiment of
the invention may be formed to have the desired shape using,
an arbitrary method. A known molding method such as a
transter molding method and a casting method may be used.

The heating temperature when curing the formed article
(curable composition) 1s selected taking account of the type
of curable composition and the like, but 1s normally 100 to
200° C. The heating time 1s normally 10 minutes to 20 hours,
and preferably 30 minutes to 10 hours.

Since the sealed optical element 1s produced using the
curable composition according to one embodiment of the
invention, the sealed optical element exhibits excellent
delamination resistance, excellent heat resistance, and high
adhesion.
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4) Optical Device

An optical device according to one embodiment of the
invention 1s produced using the curable composition accord-
ing to one embodiment of the mnvention as an optical
clement-securing adhesive or an optical element sealing
material.

Examples of the optical element include a light-emitting,
clement (e.g., LED and LD), a light-receiving element, a
hybrid optical element, an optical integrated circuit, and the
like.

The optical device according to one embodiment of the
invention 1s produced by securing an optical element using
the curable composition according to one embodiment of the
invention as an optical element-securing adhesive or an
optical element sealing material. Therefore, the optical
device according to one embodiment of the invention has a
structure 1n which the optical element 1s secured with high
adhesion, and exhibits excellent durability.

EXAMPLES

The mnvention 1s further described below by way of
examples and comparative examples. Note that the mnven-
tion 1s not limited to the following examples. The units “%”
and “parts” used in connection with the examples and the
comparative examples respectively refer to “mass %’ and
“parts by mass” unless otherwise indicated.

Measurement of Mass Average Molecular Weight

The standard polystyrene-equivalent mass average
molecular weight (Mw) and the standard polystyrene-
equivalent number average molecular weight (Mn) of the
silane compound polymer obtained in each production
example were determined using the device listed below
under the conditions listed below.

Device: HLC-8220 GPC manufactured by Tosoh Corpora-
tion

Column: TSKgel GMHXL, TSKgel GMHXL, and TSKgel
12000 HXL (that were

sequentially connected)

Eluent: tetrahydroturan

Injection amount: 80 ul

lTemperature: 40° C.

Flow rate: 1 ml/min

Detector: diflerential refractometer

Measurement of IR Spectrum

The IR spectrum of the silane compound polymer
obtained 1n each production example was measured using a
Fourier transform infrared spectrometer (“Spectrum 100~
manufactured by PerkinElmer).

Solid-State S1-NMR Measurement

The cured products obtained by curing (heating) the
curable compositions obtained 1n Examples 1 to 6 and
Comparative Examples 1 to 3 at 170° C. for 2 hours were
subjected to solid-state S1-NMR measurement under the
conditions listed below. FIGS. 1 to 9 illustrate the resulting
solid-state S1-NMR spectra.

Device: AV-500 manufactured by Bruker BioSpin K. K.
*’Si-NMR resonance frequency: 99.352 MHz

Probe: 7.0 mm (diameter) CP-MAS probe

External standard: hexamethylcyclotrisiloxane (-9.66 ppm)
Measurement temperature: 25° C.

Sample rotational speed: 4 kHz

Measurement method: pulse program hpdec (high-power
decoupling)

*”Si 900 pulse width: 5.5 us

Repetition time: 600 s

Integration count: 128
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Observation width: 30 kHz
Broadening factor: 20 Hz
Data Processing Method

When performing the solid-state Si-NMR measurement,
the measurement data was captured (time domain size:
1,024), and subjected to zero filling (8,192 points) and a
Fourier transform.
Curve Fitting Analysis

The chemaical shift of each peak of the spectrum subjected
to a Fourier transform was subjected to optimization calcu-
lations 1n accordance with a nonlinear least squares method
using the chemical shift, the height, and the half-width of the
peak shape, and the component ratio of the Gaussian wave-
form and the Lorentzian waveform as variable parameters.
Measurement of Adhesive Strength

The curable composition was applied to a mirror surface
of a silicon chip (2x2 mm) to a thickness of about 2 m. The
surface of the silicon chip to which the curable composition
was applied was placed on and compression-bonded to an
adherend (silver-plated copper sheet). The curable compo-
sition was cured by heating at 170° C. for 2 hours to prepare
a specimen-bonded adherend. After allowing the specimen-
bonded adherend to stand for 30 seconds on a measurement
stage of a bond tester (“Series 4000 manufactured by Dage
Co., Ltd.) that had been heated to a specific temperature (23°
C. or 100° C.), the adhesive strength (N/2 mm*) (23° C. and
100° C.) between the specimen and the adherend was
measured while applying a stress (speed: 200 um/s) to the
bonding surface in the horizontal direction (shear direction)
at a height of 50 um above the adherend.

Production Example 1

A 300 ml recovery tlask was charged with 71.37 g (400
mmol) of methyltriethoxysilane (“KBE-13" manufactured
by Shin-Etsu Chemical Co., Ltd.). After the addition of an
aqueous solution prepared by dissolving 0.10 g (0.25 mol %
based on the total amount of silane compound) of 35%
hydrochloric acid 1n 21.6 ml of distilled water with stirring,
the mixture was stirred at 30° C. for 2 hours, and then stirred
at 70° C. for 5 hours. After the addition of 140 g of propyl
acetate, the mixture was stirred. After the addition 01 0.12 g
(0.5 mol % based on the total amount of silane compound)
of 28% aqueous ammonia to the mixture with stirring, the
resulting mixture was heated to 70° C., and stirred for 3
hours. Purified water was added to the reaction mixture to
cellect separation. This operation was repeated until the
aqueous layer had a pH of 7. The organic layer was
concentrated using an evaporator, and the concentrate was
dried under vacuum to obtain 55.7 g of a silane compound
polymer (Al). The silane compound polymer (Al) had a
mass average molecular weight (Mw) of 7,800 and a
molecular weight distribution (Mw/Mn) of 4.52.

The IR spectral data of the silane compound polymer (Al)
is shown below. Si—CH,: 1272 ecm™, 1409 cm™, Si—O:

1132 ¢cm™!

Production Example 2

A 300 ml recovery flask was charged with 20.2 g (102
mmol) of phenyltrimethoxysilane (manufactured by Tokyo
Chemical Industry Co., Ltd.), 3.15 g (18 mmol) of 2-cya-
noethyltrimethoxysilane (manufactured by AZmax Co.), 96
ml of acetone (solvent), and 24 ml of distilled water (sol-
vent). After the addition of 0.15 g (1.5 mmol) of phosphoric
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acid (manufactured by Kanto Chemical Co., Inc.) (catalyst)
with stirring, the mixture was stirred at 25° C. for a further
16 hours.

After completion of the reaction, the reaction mixture was
concentrated to 50 ml using an evaporator. After the addition
of 100 ml of ethyl acetate to the concentrate, the mixture was
neutralized using a saturated sodium hydrogen carbonate
aqueous solution. After allowing the mixture to stand a
while, the organic layer was 1solated preparatively. The
organic layer was washed twice with distilled water, and
dried over anhydrous magnesium sulfate. After separating
magnesium sulfate by filtration, the filtrate was concentrated
to 50 ml using an evaporator, and the concentrate was added
dropwise to a large quantity of n-hexane to eflect precipi-
tation. The resulting precipitate was separated by decanta-
tion. The precipitate thus separated was dissolved in methyl
cthyl ketone (MEK), and the solution was collected. The
solvent was evaporated under reduced pressure using an
evaporator. The residue was dried under vacuum to obtain
13.5 g of a silane compound polymer (A2). The silane
compound polymer (A2) had a mass average molecular
weight (Mw) of 1,870 and a molecular weight distribution
(Mw/Mn) of 1.42.

The IR spectral data of the silane compound polymer (A2)
is shown below. Si-Ph: 698 cm™!, 740 cm™*, Si—O: 1132
cm™, —CN: 2259 cm™

Production Example 3

Methyltrimethoxysilane and dimethyldimethoxysilane
were subjected to a polycondensation reaction 1n accordance
with the method described in Example 1 of JP-A-2007-
112975 to obtain a solution including a silane compound
polymer (A3).

Example 1

1,3,5-N-Tns[3-(trimethoxysilyl)propyl] 1socyanurate (si1-
lane coupling agent (B1)) (component (B)) (10 parts) and
3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (3 parts) were added to
the silane compound polymer (Al) obtained in Production
Example 1 (100 parts). The mixture was sufliciently mixed
and defoamed to obtain a curable composition 1.
The curable composition 1 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed
in Table 1. FIG. 1 illustrates the solid-state S1-NMR spec-

trum of the resulting cured product.

Example 2

A curable composition 2 was obtained 1n the same manner
as 1 Example 1, except that 3-mercaptopropyltrimethox-
ysilane (“KBM-803” manufactured by Shin-Etsu Chemical
Co., Ltd.) (3 parts) was further added as the component (C).
The curable composition 2 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed
in Table 1. FIG. 2 1illustrates the solid-state S1-NMR spec-

trum of the resulting cured product.

Example 3

A curable composition 3 was obtained 1n the same manner
as 1 Example 2, except that a silica fine powder (“AERO-
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SIL RX300” manufactured by Nippon Aerosil Co., Ltd.) (20
parts) was further added as the component (D).

The curable composition 3 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed

in Table 1. FIG. 3 illustrates the solid-state S1-NMR spec-
trum of the resulting cured product.

Example 4

1,3,5-N-Tns|3-(trimethoxysilyl)propyl] 1socyanurate (si-
lane coupling agent (B1)) (component (B)) (10 parts) and
3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (1 part) were added to the
silane compound polymer (A2) obtained in Production
Example 2 (100 parts). The mixture was suiliciently mixed
and defoamed to obtain a curable composition 4.

The curable composition 4 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed
in Table 1. FIG. 4 illustrates the solid-state S1-NMR spec-

trum of the resulting cured product.

Comparative Example 1

A cured product was obtained using the solution obtained
in Production Example 3 instead of the curable compositions
1 to 4 obtained in Examples 1 to 4, and solid-state S1-NMR
measurement and adhesive strength measurement were per-
formed 1n the same manner as described above. The results
are listed 1n Table 1. FIG. 5 illustrates the solid-state
S1-NMR spectrum of the resulting cured product.

TABLE 1

Silane compound polymer Upper: Type

Lower: Ratio (parts)
Silane coupling agent (B1) Ratio (parts)
Silane coupling agent (B2) Ratio (parts)
Component (C) Ratio (parts)
Component (D) Ratio (parts)

Solid-state Si-NMR measurement
Upper: Chemuical shift (ppm)
Lower: Half-width (Hz)

Peak within a range of

less than —80 ppm

Peak within a range from -80 ppm or
more to less than —40 ppm

Peak within a range of
—40 ppm or more

23° C.
1007 C.

Adhesive strength
(N/2 mm?)

Production Example 4

A 300 ml recovery flask was charged with 11.9 g (60
mmol) of phenyltrimethoxysilane (manufactured by Tokyo
Chemical Industry Co., Ltd.), 13.3 g (60 mmol) of 3-ac-
ctoxypropyltrimethoxysilane (manufactured by AZmax
Co.), 60 ml of toluene (solvent), and 30 ml of distilled water
(solvent). After the addition of 0.15 g (1.5 mmol) of phos-
phoric acid (manufactured by Kanto Chemical Co., Inc.)
(catalyst) with stirring, the mixture was stirred at room
temperature for a further 16 hours.
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After completion of the reaction, 100 ml of ethyl acetate
was added to the reaction mixture, and the resulting mixture
was neutralized using a saturated sodium hydrogen carbon-
ate aqueous solution. After allowing the mixture to stand for
a while, the organic layer was 1solated preparatively. The
organic layer was washed twice with distilled water, and
dried over anhydrous magnesium sulfate. After separating
magnesium sulfate by filtration, the filtrate was concentrated
to 50 ml using an evaporator, and the concentrate was added
dropwise to a large quantity of n-hexane to eflect precipi-
tation. The resulting precipitate was separated by decanta-
tion. The precipitate was dissolved in methyl ethyl ketone,
and the solution was collected. After evaporating the solvent
under reduced pressure using an evaporator, the residue was
dried under vacuum to obtain 15.3 g of a silane compound
copolymer (A4).

The silane compound copolymer (A4) had a weight
average molecular weight (IMw) of 2,600 and a molecular

weight distribution (Mw/Mn) of 1.60.

The IR spectral data of the silane compound copolymer
(A4) is shown below. Si-Ph: 700 cm™, 742 cm™, Si—O:
1132 cm™!, —CO: 1738 cm™*

Production Example 5

A 300 ml recovery flask was charged with 11.9 g (60
mmol) of phenyltrimethoxysilane (manufactured by Tokyo
Chemical Industry Co., Ltd.), 14.2 g (60 mmol) of 3-glyci-
doxypropyltrimetoxysilane (manufactured by Tokyo Chemi-
cal Industry Co., Ltd.), 60 ml of toluene (solvent), and 30 ml
of distilled water (solvent). After the addition of 0.15 g (1.5

Comparative
Example Example
2 3 4 1
(Al)  (Al) (Al) (A2) (A3)
100 100 100 100
10.00 10.00 10.00 10.00 —
3.00 3.00 3.00 1.00 —
— 5.00 5.00 — —
— — 20.00 — —
-107.1
—-1453.6
-65.2  -65.2 -65.3 ~-78.9 -66.8
519.3 516.9 503.3 572.6 326.9
-57.2  -56.9 -57.2  =-70.0 -57.8
691.1 662.8 762.6 620.1 214.8
-60.4
807.9
-21.7
164.4
-19.5
-1334
24933  172.67 170.35 65.99 Fell
146.05 136.75 95.13  47.89 Fell
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mmol) of phosphoric acid (manufactured by Kanto Chemi-
cal Co., Inc.) (catalyst) with stirring, the mixture was stirred
at room temperature for a further 16 hours.

After completion of the reaction, 100 ml of ethyl acetate
was added to the reaction mixture, and the resulting mixture
was neutralized using a saturated sodium hydrogen carbon-
ate aqueous solution. After allowing the mixture to stand for
a while, the organic layer was 1solated preparatively. The
organic layer was washed twice with distilled water, and
dried over anhydrous magnesium sulfate. After separating
magnesium sulfate by filtration, the filtrate was concentrated
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to 50 ml using an evaporator, and the concentrate was added
dropwise to a large quantity of n-hexane to eflect precipi-
tation. The resulting precipitate was separated by decanta-
tion. The precipitate was dissolved 1n methyl ethyl ketone
(MEK), and the solution was collected. After evaporating
the solvent under reduced pressure using an evaporator, the
residue was dried under vacuum to obtain 16.3 g of a silane
compound copolymer (AS5).

The silane compound copolymer (A5) had a weight
average molecular weight (Mw) of 2,800.

The IR spectral data of the silane compound copolymer
(A5) is shown below. Si-Ph: 699 cm™"', 741 cm™', Si—O:

1132 cm™, epoxy group: 1254 cm™

Example 5

1,3,5-N-Tns[3-(trnmethoxysilyl)propyl] 1socyanurate (si-
lane coupling agent (B 1)) (component (B)) (10 parts) and
3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (1 part) were added to the
silane compound copolymer (A4) obtained in Production
Example 4 (100 parts). The mixture was suiliciently mixed
and defoamed to obtain a curable composition 5.

The curable composition 5 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed

in Table 2. FIG. 6 illustrates the solid-state S1-NMR spec-
trum of the resulting cured product.

Example 6

1,3,5-N-Tns|3-(trimethoxysilyl)propyl] 1socyanurate (si-
lane coupling agent (B1)) (component (B)) (10 parts) and
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Silane compound polymer

Silane coupling agent (B1) Ratio (parts)
Silane coupling agent (B2) Ratio (parts)
Component (C) Ratio (parts)
Component (D) Ratio (parts)

Solid-state Si-NMR measurement
Upper: Chemical shift (ppm)
Lower: Half-width (Hz)

Peak within a range of
—40 ppm or more

Adhesive strength
(N/2 mm?)

23° C.
100° C.

3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (1 part) were added to the
silane compound copolymer (AS) obtained 1n Production
Example 5 (100 parts). The mixture was sufliciently mixed
and defoamed to obtain a curable composition 6.

The curable composition 6 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed
in Table 2. FIG. 7 illustrates the solid-state S1-NMR spec-

trum of the resulting cured product.

Peak within a range of

less than —80 ppm

Peak within a range from -80 ppm or
more to less than —40 ppm

55

60

65
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Comparative Example 2

1,3,5-N-Trs[3-(trimethoxysilyl)propyl] 1socyanurate (si1-
lane coupling agent (B1)) (component (B)) (10 parts) and
3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (3 parts) were added to
a commercially-available silsesquioxane compound having
a cage-like structure (silane compound polymer (A6),
“POSS-Octaphenyl  substituted”  manufactured by
ALDRICH) (100 parts). The mixture was sufliciently mixed
and defoamed to obtain a curable composition 7.

The curable composition 7 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed

in Table 2. FIG. 8 1illustrates the solid-state S1-NMR spec-
trum of the resulting cured product.

Comparative Example 3

1,3,5-N-Trs[3-(trimethoxysilyl)propyl] 1socyanurate (si1-
lane coupling agent (B 1)) (component (B)) (10 parts) and
3-(trimethoxysilyl)propylsuccinic anhydride (silane cou-
pling agent (B2)) (component (B)) (3 parts) were added to
a commercially-available silsesquioxane compound having
a cage-like structure (silane compound polymer (A7),
“Octaglycidyl (OG)” manufactured by Mayaterials) (100
parts). The mixture was suiliciently mixed and defoamed to
obtain a curable composition 8.

—

The curable composition 8 was subjected to solid-state
S1-NMR measurement and adhesive strength measurement
in the same manner as described above. The results are listed
in Table 2. FIG. 9 illustrates the solid-state S1-NMR spec-

trum of the resulting cured product.

TABLE 2

Comparative Comparative

Example 5 Example 6 Example 2  Example 3
A4 AS A6 A7
10 10 10 50

1 1 3 5
—-108.5
74.8
-78.4 -78.4 -78.3 -59.2
609.0 599.9 80.5 312.3
-68.6 -69.0 -77.4 50.8
719.9 789.4 102.2 179.5
~-56.8 —-44 3
678.9 115.1
—-42.7
54.9
-57.5 13.8
905.4 64.9
58.77 63.56 Fell Fell
45.61 51.07 Fell Fell

The following were confirmed from the results listed 1n
Tables 1 and 2.

When the cured products of the curable compositions 1 to
6 of Examples 1 to 6 were subjected to the solid-state
S1-NMR measurement, a peak of which the half-width was
500 to 900 Hz was observed within a range from —-80 ppm
or more to less than —40 ppm. The cured products of the
curable compositions 1 to 6 of Examples 1 to 6 exhibited
excellent adhesive strength at 23° C. and 100° C. (i.e.,
exhibited excellent adhesion and excellent heat resistance).

When the cured products obtained in Comparative
Examples 1 to 3 were subjected to the solid-state S1-NMR
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measurement, a peak of which the half-width was 500 to 900
Hz was not observed within a range from —80 ppm or more
to less than —40 ppm. The cured products obtained in
Comparative Examples 1 to 3 exhibited poor adhesion.
The invention claimed 1s:
1. A curable composition comprising a component (A)
and a component (B),
the curable composition producing a cured product that
has a solid-state S1 nuclear magnetic resonance spec-
trum 1n which a peak 1s observed within a range from
—80 ppm or more to less than —40 ppm, and a hali-
width of the peak 1s 500 to 900 Hz,
the component (A) being a curable polysilsesquioxane
compound that comprises a repeating unit represented
by a formula (a-1),

R1SiO;, (a-1)

wherein R' is a substituted or unsubstituted alkyl group
having 1 to 10 carbon atoms, or a substituted or
unsubstituted aryl group, and

the component (B) being at least one silane coupling

agent selected from a group consisting of a silane
coupling agent that comprises a nitrogen atom 1n 1its
molecule, and a silane coupling agent that comprises an
acid anhydride structure 1n 1ts molecule.

2. The curable composition according to claim 1, wherein
R' is a substituted or unsubstituted alkyl group having 1 to
10 carbon atoms.

3. The curable composition according to claim 1, wherein
the curable polysilsesquioxane compound that 1s used as the
component (A) has a mass average molecular weight (Mw)
of 1,000 to 30,000.

4. The curable composition according to claim 1, wherein
the curable polysilsesquioxane compound that 1s used as the
component (A) 1s a curable polysilsesquioxane compound
obtained by subjecting at least one compound represented by
a formula (a-2) to polycondensation in the presence of a
polycondensation catalyst,

RISI(OR*)x(XY),., (a-2)

wherein R' is a substituted or unsubstituted alkyl group
having 1 to 10 carbon atoms, or a substituted or
unsubstituted aryl group, R* is an alkyl group having 1
to 10 carbon atoms, X" is a halogen atom, and x is an
integer from 0 to 3, provided that a plurality of R* are
either 1dentical to or different from each other when a
plurality of R” are present, and a plurality of X" are
either identical to or different from each other when a
plurality of X' are present.
5. The curable composition according to claim 1, wherein
the component (B) comprises both the silane coupling agent
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that comprises a nitrogen atom 1n 1ts molecule, and the silane
coupling agent that comprises an acid anhydride structure 1n
its molecule.

6. The curable composition according to claim 1, the
curable composition comprising the component (A) and the
component (B) 1n a mass ratio (component (A):component
(B)) of 100:0.01 to 100:50.

7. A method for producing the curable composition
according to claim 1, comprising:

a step (1) that subjects at least one compound represented
by a formula (a-2) to polycondensation in the presence
of a polycondensation catalyst to obtain the curable
polysilsesquioxane compound,

RISi(OR?) (X1, (a-2)

wherein R' is the same as defined above, R* is an alkyl
group having 1 to 10 carbon atoms, X' is a halogen
atom, and X 1s an integer from 0 to 3, provided that a
plurality of R* are either identical to or different from
each other when a plurality of R* are present, and a
plurality of X' are either identical to or different from
each other when a plurality of X' are present; and

a step (II) that mixes the curable polysilsesquioxane

compound obtained by the step (I) with at least one
silane coupling agent selected from the group consist-
ing of the silane coupling agent that comprises a
nitrogen atom 1n 1ts molecule, and the silane coupling
agent that comprises an acid anhydride structure in 1ts
molecule.

8. The method according to claim 7, wherein at least an
acid catalyst 1s used as the polycondensation catalyst.

9. The method according to claim 8, wherein the acid
catalyst 1s at least one compound selected from phosphoric
acid, hydrochloric acid, boric acid, citric acid, acetic acid,
sulfuric acid, and methanesulfonic acid.

10. A cured product obtained by curing the curable
composition according to claim 1.

11. The cured product according to claim 10, the cured
product being an optical element-securing material.

12. An optical element securing adhesive, comprising the
curable composition according to claam 1 as an optical
clement-securing adhesive.

13. An optical element sealing material, comprising the
curable composition according to claim 1 as an optical
clement sealing material.

14. An optical device produced using the curable com-
position according to claim 1 as an optical element-securing
adhesive or an optical element sealing material.

% o *H % x
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